Photosynthetic carbon fixation occurs in the stroma. Most of the fixed carbon is then exported as triose-P (12) into the cytosol, where it is used for sucrose synthesis (17) . A significant proportion ofthe photosynthate can be temporarily retained in the chloroplast as starch, especially when Pi is low (3, 20) , Starch accumulates in the light and is broken down in the subsequent dark period. The questions arise as to how the starch is degraded, in what form the products are exported from the chloroplast, and to what extent the starch is used in chloroplast energy metabolism. In pea chloroplasts, the breakdown is predominantly phosphorolytic (1 1, 22, 24) , and the HMP2 is further metabolized by glycolysis and the OPP cycle to triose-P and PGA (21, 22) , which can be exported by the phosphate translocator (2). Some maltose is also formed (11, 22) . We concluded that chloroplast metabolism of starch could make a significant contribution to the carbohydrate oxidation of the whole leaf (21) (22) (23) . As pea leaves contain relatively low levels ofstarch, it seemed important to study starch breakdown in leaves with a high starch content, such as spinach.
During starch breakdown in spinach chloroplasts, formation of glucose, some maltose, triose-P, and PGA has been found (3, 10, 15). However, as the measured rates of starch breakdown were at least one order below the likely physiological rates, it is not possible to evaluate the physiological significance of these results. By paying attention to the procedures for isolation of chloroplasts and for measurement of starch breakdown, we have been able to 1 This work was supported by the Deutsche Forschungsgemeinschaft.
2Abbreviations: HMP, hexosemonophosphate; OPP, oxidative pentose phosphate; PGA, 3 phosphoglycerate; FBP, fructose 1.6-bisphosphate; SBP, sedoheptulose 1.7-bisphosphate; RuBP, ribulose 1.5-bisphosphate.
demonstrate physiological rates of starch breakdown in isolated, starch-loaded spinach chloroplasts. From the results, it is possible to distinguish the contributions to spinach chloroplast metabolism of phosphorolytic and hydrolytic starch breakdown and of glycolysis and the OPP pathway.
METHODS
Spinach (Spinacia oleracea L., U. S. Hybrid 424, Ferry-Morse Seed Co., Mountain View, CA) was grown in water culture (13) under a 10-h-light, 14-h-dark cycle. Lighting was provided by 100 w neon tubes (1/0.7 m2) supplemented with 100 w radium lamps (1/0,24 M2; Osram, Munich), and the temperature was 24 to 27 C in the light and 15 to 20 C in the dark. Leaves were preilluminated for 8 to 20 h to obtain a high starch content.
For measurement of starch degradation in whole leaves, leaf discs (combined fresh weight 0.25 to 0.35 g) were taken from a pair of matched leaves, combined, and immediately killed by boiling in 80%1o (v/v) alcohol. At each time point, separate samples were prepared from five different pairs of leaves. All the leaves were attached to the plant and held in a box lined with damp filter paper. Starch was determined as in Stitt et al. (24) , except that the glucose was determined by enzymic analysis (25) .
Protoplasts were prepared from spinach palisade cells, as previously described (25) , but the Metrizamide (Sigma) density gradient was replaced by a Percoll (Pharmacia, Uppsala, Sweden) density gradient which contained 0.5 M sorbitol, 5 nmt Mes (pH 6.0), 1 mM CaCl2, throughout, with 20%o (v/v) Percoll and unpurified protoplasts in phase III (4.6 ml), 16% (v/v) Percoll in phase II (2 ml), and no Percoll in phase I (2 ml). After centrifugation (250g, 7 min), protoplasts collected at the interface between phases I and II.
To prelabel starch, protoplasts (100 to 150 ,tg Chlml-1, were illuminated (180 x 10 ergs cmn2s-1) in an O2 electrode in 0.5 M sorbitol, 5 mM Mes (pH 6.0), 0.5 mm [14C]HCO3 (25 to 35 Ci. mol-1) until 02 evolution ceased (7 to 9 min) because all the bicarbonate had been fixed. The protoplasts were centrifuged (5 min, 250g); resuspended in 0.33 M sorbitol, 50 mm Hepes (pH 7.6), 1 mm MgCl2, 1 mM MnCl2, 2 mm EDTA; passed three times through a 17-,m nylon net; and layered over a discontinuous Percoll density gradient. The Percoll had been dialyzed for 24 h in 50-ml portions against three changes of 1 liter distilled H20 before use. Undialyzed Percoll strongly inhibited the photosynthesis of free chloroplasts. The gradient contained 0.33 M sorbitol, 50 mM Hepes (pH 7.6), 1 mM MgCl2, 1 mM MnCl2, and 2 mM EDTA, throughout. Under the protoplast extract, were layers of 2 ml 18% (v/v) Percoll and 4 ml 22% (v/v) Percoll. The gradient was centrifuged for 10 min at 950g, and the chloroplasts were recovered from the sediment. In some experiments, a 2-ml cushion of 50%o (v/v) Percoll was also included so that the chloroplasts layered on the 22%:50% interface.
The resulting chloroplasts (20 to 30,ug Chl-ml-') were resuspended in 0.33 M sorbitol, 50 mm Hepes (pH 7.6), 1 mm MnCl2, 1 mLm MgCl2, 2 mm EDTA (for other additions, see text) and incubated in the dark at 20 C in 70-sl aliquots in 1.5-ml Eppendorf microcentrifuge tubes. CO2 was collected in 50 i1 10% (w/w) KOH contained in the cut tip of a 400 jd microfuge tube held on the wall of the 1.5-ml tube by silicone grease. The incubation was terminated by adding 10 p1 60% HCIO4. For each treatment, at least three replicate incubations were carried out. Radioactivity in starch and soluble compounds was separated by centrifugation (3). The soluble radioactivity was sarted into anionic, cationic, and neutral components by ion exchange resins (25) . Neutral compounds were further anayzed by TLC (25) , and anionic compounds were analyzed by 4C anion exchange chromatography (Wt, unpublished) , based on the procedure described for Plabeled extracts (12). The chloroplasts still retained most of their starch when they were isolated from the protoplasts on an isoosmotic Percoll gradient. Under phase contrast, they appeared highly intact, and all contained two to six white starch grains. Few or no starch grains were visible outside the chloroplasts. In a typical gradient (Fig. 2) , the intact chloroplast band contained 81% of the applied Chl and 62% of the applied starch. This coincidence was not fortuitous, as a completelydifferent distribution of starch was found when lysed chloroplsts were applied to the gradient. The starch content of the chloroplasts, 86 patom carbon/mg Chl, is representative of the amounts found in spinach leaves carrying out rapid starch breakdown (Fig. 1) .
Measurement of Starch Breakdown. The most direct way to measure starch breakdown in chloroplasts would be to measure the decrease in starch during an incubation. Unfortunately, this method cannot be diretly applied, since less than 4% of the starch would be degraded within a time of 30 nin, and such a difference cannot be accurately measured. Therefore, starch was prelabeled with 14C during 10 min-photosynthesis, and the redistribution of radioactivity out of the starch into products was followed in a subsequent dark period. The newly synthesized labeled starch is preferentially degraded (10, 20) . By establishing a quantitative and corresponding increase i '4C in the products, it can be ensured that all the major products have been identified. However, on its own, this approach does not provide a reliable estimate of the rate of starch breakdown, as a considerable degmdation of unlabeled starch occurs simultaneously leading to a large and unknown isotope dilution. To calculate the absolute rates, enzymic substrate analysis is used to measure how rapidly the identified products accumulate.
Since CO2 could be one of the products of starch breakdown, it was essential to prepare '4C-labeled chloroplasts which were free from ['4CJC02. Repeated centrifugation could not be used to wash the chloroplasts because it damaged them. Starch was prelabeled by supplying a low concentration of ['4Clbicarbonate to protoplasts at pH 6. In these conditions, a high CO2 concentration is in equilibrium with a low bicarbonate concentration. Photosynthesis was allowed to continue until essentially all of the radioactivity was fixed, and ['4C]CO2free chloroplasts were then prepared with minimal centrifugation, avoiding breakage of the fragile organelles. When chloroplasts were kept in the dark, radioactivity in starch decreased (Fig. 3) , and an equivalent increase was found in the products. At the various times, the increase in 14C in CO2 and soluble products represented 90 to 110% of the '4C lost from starch. was separated into anions, cations, and neutrals using ion exchange columns. (Table I) . With respect to the anions, radioactivity rose mainly in PGA and triose-P (Fig. 4) (Fig. 5 ). Similar observations have been made in pea chloroplasts (22) . This metabolism of glucose was not due to cytosolic contamination, and it occurred within the chloroplasts (Table III) , as the release of ["4C1C02 was prevented when chloroplasts were lysed by osmotic shock or addition of Triton X-100. Although glucose 6-P is a direct intermediate between glucose and C02, it produced a smaller isotope dilution than did more distant intermediates such as PGA, triose-P, and ribose 5-P, because the glucose 6-P is not transported across the envelope (2). Addition of ATP or ADP did not increase [14CJCO2 evolution. ATP did increase 14C labeling of anions, but this represented merely an increase in formation of HMP outside the chloroplast, probably due to a hexokinase located outside the chloroplast, as in pea (24) .
The overall rate of esterification of 2 mM [U-"Cjglucose in isolated starch-loaded spinach chloroplasts was 0.55 Latom carbon/mg Chl-h (Fig. 5) (Table I) indicated that the OPP pathway was involved. We checked in two ways that this CO2 was released by operation of the OPP pathway inside chloroplasts. First, various intermediates were added, and their effect on ["C]C02 release during starch mobilization was determined (Table IV). Ribose 5-P and triose-P produce a marked isotope dilution of ["CJCO2 release. These compounds can enter the chloroplast, and they are intermediates in the OPP cycle. On the other hand, glucose 6-P and 6P-gluconate produce little change in ["CJC02 release. Although these metabolites are intermediates in the OPP cycle, they produce no isotope dilution because they are not transported across the envelope. Compounds which enter the chloroplast (2) but are not intermediates in the OPP cycle (like 3 PGA, P-enolpyruvate, malate, and aspartate) have little effect on the release of ["CJCO2. The alterations in [1"CJCO2 produced by these various intermediates involved isotope dilution rather than an inhibition of starch degradation, since total starch mobilization was only slightly affected by the various intermediates (Table IV) . Second, independent evidence that the CO2 is released from the OPP cycle in chloroplasts is provided by the preferential release of ["CJCO2 from [1-ICglucose (compared to 12-"C]glucose or [6-"C]glucose) which is diagnostic for the OPP cycle (7). This release is not due to cytosolic contamination, because ["C]CO2 release during glucose metabolism was prevented by lysis but was not inhibited by adding intermediates like glucose 6-P and 6 P-gluconate (Table V) . An earlier study failed to find OPP activity in spinach chloroplasts (13) , but this can probably be ascribed to the insensitivity of the methods used.
Carbon Cycling i the Chiloroplast OPP Pathway. As usually defined (7), the OPP cycle converts 3 HMP to 3 pentose-P and 3 CO2 and then recycles the pentose-P, forming one molecule of triose-P and two molecules of hexose-P. Overall, a HMP molecule would then be converted to 3 CO2 and 1 triose-P molecule. Based on work in a reconstituted spinach stroma system (4), it has been suggested that, in chloroplasts, the OPP pathway operates only as far as pentose-P, which is then exported, rather than undergoing further interconversion to triose-P and HMP. In this case, the OPP Table IV Nil  18  10  112  113  Ribose 5-P  4  5  80  103  Triose-P  3  3  94   95  3PGA  12  14  81  101  2PGA  14  11  105  96  PEP  15  11  103  107  Pyruvate  19  11  121  109  Malate  20  11  108  102  Aspartate  20  11  111  103  Glucose 6-P  17  8  111  103 Gluconate-6-P 18 10 106 105 pathway could not contribute to the net synthesis of triose-P from starch. In our intact chloroplasts, there is strong evidence that pentose-P is recycled. First, the release of ["CJCO2 from [2-"CJglucose can occur only after a recycling of pentose-P (7).
Second, during degradation of uniformly labeled starch, more radioactivity is released as CO2 than accumulates as pentose-P (Fig. 4) . A conversion of uniformly labeled glucose residues from starch into CO2 and pentose-P only would yield 5 times more 14C radioactivity in pentose-P than in CO2. Thus, our data clearly demonstrate that the pentose-P is further metabolized in the chloroplasts. The effects of dilution may explain why pentose-P was not further metabolized in a reconstituted system. According to classic formulation of the OPP cycle (7), it is not possible to release either carbons 4-6 of HMP or the carbons of triose-P as CO2. This is because a triose-P molecule, or the basal phosphorylated end of a sugar P molecule, can only react as an acceptor in the transaldolase or transketolase reactions and are reincorporated into the basal carbons of the resulting sugar monophosphate. However, a distinct and significant release of ["CJCO2 from [6-"4CJglucose is seen with spinach chloroplasts (Table V) Similar observations were made with pea chloroplasts (22) . Two explanations for this release of ["CJCO2 from [6-"4C]glucose can be suggested. One is a recycling of triose-P, involving the hydrolysis of a C-l phosphate of a sugar bisphosphate (22) . Radioactivity is exchanged between corresponding positions of dihydroxyacetone P and glyceraldehyde 3-P by triose-P isomerase. These compounds then resynthesize HMP via aldolase and fructosebisphosphatase or sedoheptulose bisphosphatase. The carbons 6-4 of the original HMP will then be 50%o exchanged into the positions 1-3 of the newly formed HMP and can subsequently be released as CO2 in the OPP pathway. This requires fructosebisphosphatase or sedoheptulosebisphosphatase activities in the stroma in the dark as high as 0.5 ,umol hexose/mg Chl.h. It is, at present, not clear whether such activities occur. An alternative explanation is that some of the rearrangement of pentose-P to HMP and triose-P in chloroplasts occurs via a mechanism resembling the L-path of OPP pathway, described recently for liver (26) . The L-path differs from the orthodox, or F-, path, in that it involves arabinose 5-P, sedoheptulose 1,7-bisP, octulose 1,8-bisP and octulose 8-P as intermediates. It includes aldolase and a newly characterized phosphotransferase as enzymes, leading to a randomization of the label from [6-"C]glucose into the C-1 position of the rearranged HMP, which will subsequently be released as CO2 when the HMP is cycled around the OPP pathway.
Contribution of the OPP Cycle and Glycolysis. These results show that, in the presence of 5 mm phosphate, both the OPP cycle and glycolysis make a significant contribution to spinach chloroplast dark metabolism. Methods for estimating the OPP contribution have been described (23) . Method I uses the relation between the total [14C]CO2 release and the total "C accumulation Plant Physiol. Vol. 68, 1981 as triose-P and PGA. The summed CO2 release and anion accumulation can be taken as representing the total activity of glycolysis and the OPP cycle, since significant accumulation is only seen in triose-P and PGA among the anions (Fig. 4) (23) and means that, of the glucose 6-P metabolized, 37 to 47% will be converted to 6-P gluconate by glucose 6-P dehydrogenase, and the rest will be transformed by phosphofructokinase (23) . These activities are comparable with those found in mammary tissue and adipose tissue (5, 6) when a high activity of the OPP cycle is required to supply NADPH for fat synthesis and is considerably higher than that found so far in other plant tissues (1).
Response of Starch Mobilization to Pi. Table VI shows the influence of Pi on starch mobilization. When Pi is omitted, accumulation of anions (representing phosphorylated compounds) is prevented, and 80% of the starch degradation leads to free sugars. Apparently, there is a switch from phosphorolysis to hydrolysis. As the decreased production of anions is partially balanced by increased formation of neutral sugars, it seems that omitting Pi does not greatly lower the overall rate of starch breakdown in these chloroplasts.
The increased phosphorolysis produced by adding Pi is accompanied by a rapid formation of triose-P and 3PGA (see above), accounting for up to one-half of the products of starch. This is due to stimulation ofglycolysis rather than stimulation ofthe OPP cycle. The lowered CO2 release during starch mobilization (Table   VI) and during metabolism of [U-q4C]glucose (Table III) reveals that the activity of the OPP pathway is even decreased when Pi is added. Furthermore, by using method II (23) , it can be estimated (Stitt, unpublished) . In vivo, the precise effects will be modified by the presence of PGA and triose-P, as well as N, in the cytosol. It is reasonable to suggest that, as extrachloroplastic demand for respiratory substrates increases, the triose-P and PGA levels in the cytosol will fall and the Pi will rise. This should increase the net flux of Pi into the chloroplasts and that of triose-P and PGA out of the chloroplast and, hence, increase the net flux from starch via glycolysis through to exported phosphorylated products. When there is no cytosolic demand for phosphorylated intermediates and cytosolic Pi declines, phosphorolytic starch mobilization would continue at a much lower rate, providing mainly substrates for chloroplast energy metabolism, with much of the HMP now being metabolized in the OPP cycle. More of the starch will now be degraded hydrolytically and exported as free sugars to the cytosol. 
